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Abstract: Cu and Zn have been shown to accumulate in 
the brains of Alzheimer's disease patients. We have pre- 
viously reported that Cu^^ and Zn^"^ bind amyloid p (A)3), 
explaining their enrichment in plaque pathology. Here we 
detail the stoichiornetries and binding affinities of multiple 
cooperative Cu^"^ -binding sites on synthetic A)31-40 and 
A^1-42. We have developed a ligand displacement tech- 
nique (competitive metal capture analysis) that uses met- 
al- chelator complexes to evaluate metal ion binding to 
A)3, a notoriously self-aggregating peptide. This analysis 
indicated that there Is a very-high-affinity Cu^"^ -binding 
site on Ai31-42 (log K = 17.2) that mediates peptide 
precipitation and that the tendency of this peptide to 
self-aggregate in aqueous solutions is due to the pres- 
ence of trace Cu^"^ contamination (customarily —0.1 /uM). 
In contrast, Aj31-40 has much lower affinity for Cu^"^ at 
this site (estimated log = 10.3), explaining why this 
peptide is less self-aggregating. The greater Cu^'^'-btnd- 
ing affinity of A^1-42 compared with A^1-40 is associ- 
ated with significantly diminished negative cooperativity. 
The role of trace metal contamination in inducing A)3 
precipitation was confirmed by the demonstration that AjS 
peptide (10 jjbM) remained soluble for 5 days only in the 
presence of high-affinity Cu^"^ -selective chelators. Key 
Words: Human amyloid p peptide — Copper — ^Affinity — 
Stoichiometry— Alzheimer's disease — Binding affinity 
method— Chelators. 
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abundant in biological fluids, AJ81-42 is the predomi- 
nant species found in plaque deposits (Masters et al., 
1985; Roheret al., 1996). 

Metal ion homeostasis is severely dysregulated in AD 
(Hershey et al., 1983; Ehmann et al., 1986; Thompson 
et al., 1988; Vance et al, 1990; Basun et al., 1991; 
Samudralwar et al, 1995; Deibel et al, 1996; Comett 
et al., 1998; Lovell et al., 1998; Gonzalez et al, 1999). 
Although the transition metal ions Cu, Fe, and Zn are 
maintained at high concentrations within the healthy 
brain neocortical parenchyma (total dry weight concen- 
trations of 70, 340, and 350 jjM, respectively), increased 
concentrations of these metal ions are detected in the 
neuropil of the AD-affected brain, where they are highly 
concentrated within amyloid plaque deposits with total 
concentrations reaching ^0.4 and ~1 mM for Cu and 
Fe/Zn, respectively (Lovell et al, 1998). An elevated 
Zn^"^ concentration also can be detected in plaque de- 
posits histologically (Suh et al, 2000). We previously 
found that AjS avidly binds Cu^"^, Zn^"^, and Fe^+ (Bush 
et al, 1994a,^, 1995; Huang et al, 1997; Atwood et al, 
1998), perhaps explaining the recruitment of these metals 
into amyloid plaque pathology. 

Evidence for an interaction between Cu^*^ and 
Aj31-40 was first observed by the stabilization of an 



Alzheimer's disease (AD) is characterized pathologi- 
cally by the deposition of amyloid plaques and neurofi- 
brillary tangles and by neuronal degeneration in the 
brains of affected individuals. Amyloid deposits are 
composed primarily of the amyloid ]8 (A)3) protein (Mas- 
ters et al, 1985; Roher et al, 1996) generated as a 
mixture of polypeptides manifesting carboxyl- and ami- 
no-terminal heterogeneity. The A)31-40 isoform is the 
predominant soluble species in biological fluids (Shoji 
et al, 1992; Vigo-Pelfrey et al, 1993). Although less 
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ProteiniMetal . ^ ==^ ChelatoriMetal 

^ metal ion ^ 

FIG. 1, Simplified principle of CMCA. Known amounts of pro- 
tein, chelator, and metal ion are brought into equilibrium. An 
an'ay of chelators of known log K^pp^ is presented to this equi- 
librium system, and the perturbation of metal binding to the 
target protein is monitored. By knowing log Kappi of the metal 
ionxhelator complex, log Kgpp of the protein :metal ion complex 
can be deduced. If log K^^^^ > log Kappg, then metal ion will bind 
protein > chelator. If log Kappi < log K^ppa, then metal ion will 
bind protein < chelator. If log K^^^ = log Kappa, then metal ion 
will bind protein and chelator equally. Therefore, at half-maximal 
binding of metal ion to protein, reflected by shifts in protein: 
metal stoichiometry or other physicochemical changes, e.g., 
solubility, log K^pi = log Kappa. 



apparent A)31-40 dimer by Cu^"*" on gel chromatography 
(Bush et al., 1994fl) and by the displacement of ^^Zn^"^ 
from A/3 when coincubated with excess Cu^"^ (Clements 
et al, 1996). We recently demonstrated that Cu^"^ binds 
to soluble Aj3 via histidine residues and that the precip- 
itation of soluble A)3 by Cu^"** is reversibly modulated by 
pH; mildly acidic conditions (pH 6.6) greatly promote 
Cu^"^ -mediated precipitation, whereas alkalinization re- 
solubilizes precipitated AjSrCu^*^ complexes (Atwood 
et al., 1998). The roles these metal ions play in cerebral 
amyloid assembly were demonstrated from experiments 
showing that Cu^"*"- and Zn^'*"-selective chelators en- 
hance the solubilization of A]3 collections in postmortem 
brain specimens from AD subjects (Chemy et al., 1999) 
and from amyloid precursor protein transgenic mice 
(Gray et al., 1998). 

Our previous study (Atwood et al., 1998) using indi- 
rect spectrophotometric analysis of Cu^"^ binding to Aj3 
indicated half-maximal binding of Cu^"*" for Aj3 in the 
micromolar range (4.0 ijM for Aj81-40 and 0.3 fxM for 
AJ31-42). However, this analysis of binding affinities 
was limited by the sensitivity of the spectrophotometric 
technique and the lack of competitive binding factors in 
the incubation that would emulate the physiological sit- 
uation more closely. Given the potential importance of 
AjSiCu^*^ interactions to the pathophysiology of amyloid 
deposition (Atwood et al, 1998; Chemy et al, 1999), we 
sought alternative strategies to characterize more pre- 
cisely the multiple Cu^"^ binding sites on A)3. Because of 
the hazards and inconveniences of working with metal 
radioisotopes, the inherent difficulties in describing mul- 
tiple equilibria for metal complexes of proteins involving 
affinities over a very broad range of values, and espe- 
cially the tendency of Aj3 peptides to precipitate in the 
presence of metal ions, we developed a competitive 
metal capture analysis (CMCA) ligand displacement 
technique (Fig. 1) using metal- chelator complexes for 
the determination of stoichiometry and estimation of 
binding affinities of multiple Cu^"^ (and Zn^"^) ions to 
proteins. The use of metal: chelator complexes approxi- 
mates the in vivo exchange of a metal ion from one 
protein or ligand to another. CMCA also circumvents 
concerns that metal ions added as simple salts may 



hydrolyze, in a pH-dependent manner, to form metal- 
hydroxy and -oxy polymers, which may either bind 
nonspecifically to the protein or become biologically 
inert (Spiro and Saltman, 1969). 

CMCA revealed that (a) A^ remains soluble provided 
that it is prevented from binding Cu^"*", (b) multiple 
affinity cooperative Cu^"^ binding sites exist on A)3, but 
A)3l-42 exhibits much stronger cooperative binding 
than AJ81-40, which is especially reflected at the highest 
affinity site, (c) A)3 binds equimolar amounts of Cu^"^ 
and Zn^"*" at pH 7.4, but Cu^"^ displaces Zn^"*" from 
Zn^"*':A)3 complexes under acidic conditions (pH 6.6), 
(d) A)3l-42 markedly precipitates in the presence of 
trace amounts (<0.1 ^iM) of metal ions, (e) Cu^"*" in- 
duces sodium dodecyl sulfate (SDS)-resistant oligomer- 
ization of Ap (Aj31-42 > Ai31-40), and (f) chelators 
both inhibit and reverse Cu^"^ -mediated precipitation of 
A)3l-42. Our data also reveal that the high-affinity bind- 
ing of Cu^"*" to AJ31-42 promotes precipitation and that 
this affinity is so high that it is hard to avoid self- 
aggregation in normal buffers. These results imply that 
extremely small changes in free or exchangeable Cu^"^ 
concentration may have an impact on A)3 solubility in 
vivo. 

EXPERIMENTAL PROCEDURES 

Reagents and preparation 

Human A/31-40 and A)31-42 peptides were synthesized, 
purified, and characterized by HPLC analysis, amino acid anal- 
ysis, and mass spectroscopy by the W. M. Keck Foundation 
Biotechnology Resource Laboratory (Yale University, New 
Haven, CT, U.S.A.). The HPLC elution profiles of the peptides 
were identified as a single peak. Synthetic A)3 peptide solutions 
were dissolved in Milli-Q water (Millipore Corp., Milford, 
MA, U.S.A.) at a concentration of 0.5-1.0 mg/ml and centri- 
fiiged for 10 min at 10,000 g, and the supernatant (stock A)3) 
was used for subsequent precipitation and metal binding assays 
on the day of the experiment. Metal ion analyses (see below) 
indicated *=«0.04 ^xM Cu or Zn per 1 fiM A)3. The concentration 
of stock Ap peptides was determined by spectrophotometric 
absorbance at 214 nm (against calibrated standard curves). Dog 
serum albumin (DSA; Sigma Chemical Co., St. Louis, MO, 
U.SA.) was prepared in deionized water to a stock concentra- 
tion of 10 mg/ml. Metal ion analyses (see below) indicated a 
small quantity of Cu ('=*=' 0.04 jiM per 1 fiM DSA) but no Zn in 
DSA stock solutions. Chelators and otiier reagents were pur- 
chased fi-om Sigma and Aldrich Chemical Co. (Milwaukee, WI, 
U.S.A.). Metal ion stock solutions were prepared by mixing 
National Institute of Standards and Technology metal standards 
[Cu^"^ (10 mg/ml) in 10% HNO3, standard reference material 
no. 3114; Zn^-*- (10 mg/ml) in 10% HCl, standard reference 
material no. 3 168] to the desired concentration in doubly deion- 
ized water. The low concentration of metal ion used in the 
assays (50 /xjW) introduced a small quantity of acid into the 
reaction mixture. However, the acid dilution was so great that 
it did not alter the pH of the buffered reaction mixtures, which 
were measured both before and after addition of metal ion: 
chelator complex. Before use all buffers and stock solutions of 
metal ions were filtered (pore size, 0.22 ptm; Gelman Sciences, 
Ann Arbor, MI, U.S.A.) to remove any particulate matter. 
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TABLE 1. Log Y^^pp ofCu^^- and Zn^^ -selective chelators 

Cu^^ log /r^pp Zn^-^ log 



Chelator 


pH 7.4 


pH 7.0 


pH 6.6 


Chelator 


pH 7.4 


pH 7.0 


pH 6.6 


Tris 


1.8 


1.4 


1.0 


Tris 


3.2 


2.8 


2.4 


Glycine 


5.9 


5.5 


5.1 


Bicine 


4.7 


4.3 


3.9 


Arginine 


5.9 


5.5 


5.1 


Histidine 


5.0 


4.5 


4.2 


Methionine 


6.3 


5.9 


5.5 


ACES 


5.0 


4.6 


4.2 


Asparagine 


6.6 


6.2 


5.8 


Citric acid 


5.3 


4.9 


4.5 


Histamine 


7.2 


6.8 


6.4 


Bipyridyl 


5.8 


5.4 


5.0 


Bicine 


7.4 


7.0 


6.6 


Tricine 


6.5 


6.1 


5.7 


Ethylenediamine 


7.8 


7.4 


7.0 


HIMDA 


7.1 


6.7 


6.3 


Histidine 


8,4 


8.0 


7.8 


NTA 


8.0 


7.6 


7.2 


Bipyridyl 


8.9 


8.5 


8.1 


EGTA 


10.0 


9.6 


9.2 


HIMDA 


10.6 


10.2 


9.8 










EDDA 


14.1 


13.7 


13.3 










EDTA 


15.9 


15.5 


15.1 










DTPA 


16.3 


15.9 


15.5 










CDTA 


17.0 


16.6 


16.2 











ACES, A^(carbamoylmethyl)-2-aminoethanesulfonic acid; bicine, A^,A^bis(2-hydroxyethyl)glycine; bipyridyl, 2,2'-dipyridyl; EDDA, ethylenedia- 
mine-A^,Ar-diacetic acid; HIMDA, 7V-(2-hydroxyethyl)iminodiacetic acid; NTA, nitrilotriacetic acid; Tricine, M-tris(hydroxymethyl)methyl glycine. 



Determination of apparent log K from absolute 
XogK 

Metal ion chelators were chosen from the National Institute 
of Standards and Technology Standard Reference Database 46 
(Critically Selected Stability Constants of Metal Complexes 
Database, version 4.0; U.S. Department of Commerce) and 
other reference databases (Dawson et al., 1986). Chelators were 
chosen to give a range of stability constants at approximately 
half log order intervals. Stability constants {K — \ML\I[M\{L\, 
where M = metal ion and L = ligand) chosen for metal: 
chelators were for 25°C, an ionic strength of 0.1-0.2 u, and a 
molar ratio of chelator to metal ion of 1:1. Where more than 
one complex is formed between a metal ion and a chelator, a 
chelator was only elected if the log K of its metal :chelator 
complex with a ratio of 1:1 was the greatest of all possible 
complexes. 

The log of a chelator for metal ions is affected by the pH 
of the solution as determined by the following equations [after 
Ringblom (1963) and Schwarzenbach and Flaschka (1969)]: 

log /Capparent = lOg " lOg U 

where 

[H-]„ ^ [H-]„., 

K^l * * ^a3 * . . - ^an ^al * ^a2 * • * - ^an- I 



- 10-*^, where x = —pK^ of the chelator (K^ values are listed 
in order of decreasing pK^ values), and n = no. of pK^ values. 
Values for log /T^pp for chelators used at pH 7.4, 7.0, and 6.6 are 
presented in Table 1 . 

Stoichiometry and binding analyses of metal ions 
for A/3 and DSA 

Solutions of metal :chelator were prepared in a ratio of 1 :2 (5 
mM'AO xnM) in doubly deionized water and allowed to come to 
equilibrium for 24 h at room temperature. Samples containing 
AjS (10 fiM) or DSA (10 ^aM) with and without metal ion: 



chelator complexes (50 ^jlM metal ion, 100 fxM chelator), along 
with background controls of protein plus chelator (no metal) or 
metal :chelator alone, were prepared in 20 xnM Tris/150 mM 
NaCl buffer at pH 7.4 and 6.6 (for Aj3) and pH 7.0 (for DSA) 
to a final volume of 1 ml and incubated for 24 h at 37*'C. Tris 
was chosen as the buffer because it only weakly complexes Cu 
ions and its log K^p^ has been characterized (Dawson et al., 
1986). The value of pH 6.6 was chosen as a condition of severe 
acidosis and also to make comparisons with otir previous 
publication. 

Following incubation the sample was split into three frac- 
tions: Fraction 1 was used to confirm the initial concentrations 
of total protein [150 ^1 for Micro BCA assay (Pierce, Rock- 
ford, IL, U.S.A.)] and total metal ion (150 and 20 ftl for Cu and 
Zn assays, respectively) in the reaction samples. Fraction 2 
(330 ^1) was loaded into a 3-kDa cutoff filter (Concentrator; 
Amicon, Beverly, MA, U.SA.) and centrifuged at 1 0,000 g for 
30-45 min, and the filtrate, which contained no peptide, was 
collected for metal ion analysis (20 fxl for Zn and 1 60 jal for 
Cu). Fraction 3, the remainder of the reaction sample (330 /xl), 
was centrifuged for 10 min at 10,000 g, and the supernatant was 
assayed for soluble protein and metal ion concentrations from 
which the respective concentrations in the pellet could be 
deduced. We have previously shown that centrifugation of A)3 
solutions at 10,000 g for 10 min sediments all precipitated A)3 
compared with ultracentrifugation at 100,000 g for 1 h (Atwood 
et al., 1998). As DSA did not precipitate in the presence of 
Zn^^ or Cu^"*", reaction mixtures of DSA and metal ions were 
divided into fractions 1 and 2 for assay. Appropriate blank 
samples (buffer with or without A)3, buffer with or without 
metal ion) also were analyzed for background readings. 

Scatchard analysis 

Having assayed the amount of protein-bound metal ion in 
the incubation, the remaining metal ion in the non-protein- 
bound fraction is in an equilibrium between being free and 
being bound to the chelator. Therefore, the free concentration 
of metal ion could be calculated using the chelator stability 
constant for the metal ion applied to this fraction. Scatchard 
linearization analysis was only performed on data where the 



/ Neurochem., Vol. 75. No. 3, 2000 



1222 C S. ATWOOD ET AL 



metal -bound protein fraction was >4% of total available metal. 
Where the Scatchard plot revealed multiple binding affinities, 
the lowest and the highest binding affinities were calculated 
from the slope of the asymptotes of the data points in the high- 
and low-affinity regions. Where the Scatchard analysis indi- 
cated an accelerating regression curve, a further plot of 
[log(A/3-bound Cu^"^ concentration)]/free Cu^'*' concentration 
versus Ap-bound Cu^'*' concentration was performed, and the 
linear regression coefficient was determined. The slope of this 
line correlates with the cooperative binding coefficient. 

Protein and metal ion assays 

Protein concentration was determined using the Micro BCA 
Assay, as previously described (Atwood et al., 1998). Standard 
curves for the Micro BCA protein assay were determined to be 
linear in the range of AJ3 concentrations studied (0-10 /xA/). 
There was close agreement between the quantities of Ap in a 
sample (n = 6) of unprecipitated and filterable fractions fi-om 
our Cu^"^ -induced precipitation studies when assayed by Micro 
BCA assay, compared with amino acid analysis values. How- 
ever, the Micro BCA assay detected ^15% less A/3 in a 
resuspension (in phosphate-buffered saline, pH 7.4) of precip- 
itated peptide than the levels in the same sample measured by 
amino acid analysis. Therefore, we chose to measure the de- 
pletion of unprecipitated and filterable A)3 as an index of 
peptide precipitation. 

The concentration of total Zn^"^ ("total" = chelator- or 
protein-bound metal ion + fi-ee metal ion) was determined 
using the spectrophotometric method of Makino (1991). To 20 
/i,l of sample, 100 ptl of GTAC solution (7 M guanidine HCl, 
0.4 MTris, 10 mM ascorbic acid, and 5 mM sodium cyanide, 
pH 8.1) was added to each well of a 96- well microtiter plate 
(Coming Costar, Coming, NY, U.S.A.), and the plate was 
mixed continuously for 1 min. Following incubation at room 
temperature for 5 min, chloral hydrate solution (1 25 /xl) and 
2-(5-nitro-2-pyridylazo)-5-(7\^-propyl-7V-sulfopropylamino)phe- 
nol (0.3 mg/ml, 25 /xl) were added to the plate, which was then 
mixed for 1 min, and the absorbance was read at 574 nm. 

The concentration of total ionic Cu was determined using the 
spectrophotometric method of Matsuba and Takahashi (1970), 
adapted to microwell plate volumes, as previously described 
(Atwood et al, 1998). The standard curves for Cu^"^ and Zn^"^ 
assays were demonstrated to be unaffected by the presence of 
any of the chelators or proteins that we investigated, indicating 
that the metal ion detection reagents were reacting equally with 
the metal ions in both their bound and fi-ee states. Standard 
curves for the metal assays were determined to be linear in the 
range of the metal concentrations studied (0-50 fxM). 

Determination of soluble and precipitated protein 

The percent precipitation of Ap was determined after cen- 
trifijgation of the samples (fi-action 3) and removal of the 
supernatant for analysis using the Micro BCA protein assay 
using the following formulas: 

% Soluble AjS 

(absorbance of supernatant fraction - 
_ absorbance of blank) 

(absorbance of initial — 

absorbance of blank) 

% Precipitated A^ = 100 - % soluble AjS 

After incubation, it is possible that the Aj3 may have formed 
soluble multimers; however, for simplicity the concentration of 



X 100 



AjS was expressed as equivalent concentrations of AjS mono- 
mer in solution. 

Determination of Zn^'^/Cu^'^ concentration 

The concentrations of total Zn^"^ and Cu^"*" in the 3-kDa 
filtrate firaction (fraction 2) and in the supernatant fraction 
(fraction 3) were measured directly. The total soluble metal ion 
concentration ([A^"*"] soluble) non-peptide-bound metal ion 
concentration ([il^'']„on-peptide-bound), reflecting fi-ee plus che- 
lator-bound metal ions, were determined using the following 
formulas: 

[^^^''Isolublc 

[absorbance of supernatant fraction (fraction 3) 
- absorbance of blank] 
(absorbance of initial - absorbance of blank) 

Inon-peptide-bound 

[absorbance of filtrate fraction (fraction 2) 
- absorbance of blank] 
(absorbance of initial - absorbance of blank)- 

X [M^"]i„ltial 

The initial total metal ion concentration was 50 jjM (see 
above). 

The stoichiometry of metal ion binding to total AjS (both 
soluble and precipitated), soluble AjS, and precipitated AjS was 
subsequently determined using the following equations: 

Ratio of metal bound to total AjS 
(both soluble and precipitated) 



non-peptidc-bound 



[APlinitial 

Ratio of metal bound to soluble AjS 

_ [^ ]soluble ~ [^ ]non-peptide-bound 
[APlsoluble 

Ratio of metal bound to precipitated AjS 

[APlinitial ~ [A^]soluble 

A candidate binding site was also evidenced by a discrete 
shift in the stoichiometric bound metal: AjS ratio. A change in 
stoichiometry was sometimes accompanied by a discrete 
change in solubility that was taken as flirther support of a 
binding site. The affinity of the binding site was also estimated 
by the corresponding log K^^^ of the competing metal: chelator 
complex, at which point the half-maximal shift in stoichiometry 
or solubility was identified. 

DSA did not aggregate under the current reaction conditions, 
and bound metal concentrations were determined as described 
above for AjS (initial [M] - non-protein-bound [M]). 

Inhibition of precipitation 

AjS 1-40 or AjSl- 42 (10 ^xM each) was incubated in phos- 
phate-buffered saline (pH 7,4) with or without diethylenetri- 
aminepentaacetic acid (DTPA; 200 fxM) for 5 days at 37°C, 
and then the turbidity of the solution was measured at 405 nm. 
In another experiment AjS 1-42 (5 /aA/) was induced to aggre- 
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gate by incubation in 20 mA/ Tris/150 mA/NaCl buffer at pH 
7.4 or 6.6 with CuClj (20 yM) for 1 h at 37°C. Following 
precipitation, samples were incubated with no chelator, EDTA, 
or DTPA (200 each) for 1 h at 37°C. Samples were then 
centrifuged (10,000 g for 20 min), and the supernatant was 
analyzed for protein concentration to determine percent total 
peptide in the soluble fraction as previously described (Atwood 
et al., 1998). 

Competition analyses of zinc and copper for AjS 

A)31-40 (10 yM) was incubated in 20 rt\M Tris/150 mM 
NaCl buffer at pH 7.4 or 6.6 with ZnCla, Cu(N03)2, or ZnClj 
plus Cu(N03)2 (50 isM each) for 48 h or ZnCl2 (50 \xM) for 
24 h, and then Cu(N03)2 (50 jllM) was added for a further 24 h. 
Following incubation, samples were analyzed for percent pre- 
cipitation and stoichiometry of metal ion binding to AjS as 
described above. 

SDS-resistant polymerization of A/3 

A/3 stock solutions were diluted to 2.5 yM in phosphate- 
buffered saline (66 mM phosphate and 150 mA/NaCl, pH 7.4) 
and incubated with or without CuClj (30 yiM) for 0 and 1 day 
at 37°C. Aliquots of each reaction mixture (2 ng of peptide) 
were collected into \ 5 yXoi sample buffer (containing 4% SDS 
and 5% jS-mercaptoethanol) and heated to 95 °C for 5 min. 
Samples were loaded, electrophoresed on polyacrylamide gel 
electrophoresis (PAGE; Tricine gels, 10-20%; Novex, San 
Diego, CA, U.S.A.) at 25°C and pH 8.45, transferred to poly- 
vinylidene difluoride membranes (Bio-Rad Laboratories, Her- 
cules, CA, U.S.A.), fixed with glutaraldehyde (1%, vol/vol), 
blocked with milk (10%, wt/vol), and then probed with anti-Aj3 
monoclonal antibody 6E10 (or 4G8; Senetek, Maryland 
Heights, MI, U.S.A.) overnight at 4°C. The blot was then 
incubated with anti-mouse horseradish peroxidase conjugate 
(Pierce) for 2 h at room temperature and developed with ECL 
reagent (1 min; Amersham, Little Chalfont, Bucks, U.K.) or 
Supersignal Ultra (5 min; Pierce) following the manufacturer's 
instructions. The chemilimiinescent signal was captured on film 
or for 10 min at maximal sensitivity using the Fluoro-S Image 
Analysis System (Bio-Rad). Electronic images were analyzed 
using Multi- Analyst Software (Bio-Rad). Molecular size mark- 
ers were from Amersham (Arlington Heights, IL, U.S.A.). 

RESULTS 

Stoichiometry and estimated binding affinities of 
Cu2+ and Zn^^ for DSA 

We developed a method (CMCA) to enable the deter- 
mination of stoichiometry of metal ion binding to both 
soluble and precipitated forms of A)3 and to permit an 
estimation of metal ion binding affinities to AjS (Fig. 1). 
To validate this methodology, we first studied a protein 
with known Cu^"^ and Zn^"^ binding affinities (DSA) 
(Fig. 2). DSA was found to bind on average ^2 Zn^"^ 
(1.7 ± 0.2; mean ± SD) in the presence of Zn^'^xhelator 
complexes with log K^^^ values of ^6.2 at pH 7.0 (Fig. 
2A). Scatchard analysis of Zn^"** binding to DSA indi- 
cated that there was a single affinity binding site (K^ 
= 1.3 X 10""^^/, logiTapp = 6.9) binding both Zn^^ ions 
(Fig. 2B), in agreement with previously reported values 
(Masuoka et al., 1993). 

DSA also bound -2 Cu^"*" ions (1.7 ± 0.1; mean 
± SD) when incubated in the presence of Cu^'^xhelator 



^ Bound [metaiytotal [DSA] 
2.5. 



2 
1,5 
1 
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FIG. 2. CMCA of Cu and Zn binding to DSA. A: DSA (10 ^Nl) 
was incubated with metalxhelator complexes (50 yM) for 24 h, 
and the stoichiometry of binding was detennined. Data are mean 
± SD (bars) values (n = 6). B and 0; Scatchard analysis of the 
data in A. 
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complexes with log K^^^ of <5.9 at pH 7.0 (Fig. 2 A and 
C). In the presence of Cu^"^:chelator complexes with log 
^app >5.9, the stoichiometry of Cu^"^:DSA binding 
gradually decreased. Scatchard analysis (Fig. 2C) of the 
binding data indicated two Cu^"^ binding sites: one with 
a lower affinity (K^ = 2.2 X lO'^ M, log K = 7.7) 
and one with a higher affinity {K^ = 6.2 X 10" M, log 
^app ~ 9.2). The estimate of the high-affinity Cu binding 
site is in reasonable agreement with that of Masuoka 
et al. (1993), who observed a high-affinity binding site 
for Cu with log K of 10.17. Our finding that DSA 
binds 1.7 atoms of Zn^*^ and 1 .7 atoms of Cu^"^ at pH 7.0 
(Fig. 2) is in agreement with previous studies suggesting 
that DSA may have multiple Cu^"^ (Appleton and Sarkar, 
1971) and Zn^"^ (Goumakos et al, 1971) binding sites. 
Taken together, these results suggest that our methodol- 
ogy is a valid approach for the estimation of stoichiom- 
etry and binding affinities of metal ions for proteins. 

Relationship among Aj3:Cu stoichiometry, binding 
affinity, and precipitation 

We next assessed the stoichiometry and affinities of 
Cu^"^ binding to total A]8 present (soluble and precipi- 
tated forms). At pH 7.4, Cu^"^ binding to A)31-40 and 
A/31-42 saturated at 1.8 ± 0.1 and 2.2 ± 0.1 bound 
Cu^"*" ions, respectively, in the presence of Cu^"'":chelator 
complexes of log K of ^6.6 (Fig. 3 A). As the log K^pp 
of the array of Cu^ .chelator complexes was increased 
above 6.6, the stoichiometry of Cu^"'":Aj3 binding de- 
creased (Fig. 3 A and C). Scatchard analysis (Fig. 3E and 
insets) indicated that the Aj8 peptides both possess mul- 
tiple cooperative Cu^"*" binding sites at either pH 7.4 or 
6.6. At pH 7.4, the lowest-affinity Cu^"*" binding site for 
A)31-40 (K^ = 1.3 X 10-^ M, log K^^^ = 7.9; Fig. 3A 
and E and Table 2) saturated at a stoichiometry of 2 
Cu^*^. The of the highest-affinity Cu^"^ binding site 
on A)31-40 was difficult to determine by Scatchard 
analysis because of insufficient data points in the high- 
affinity range to get an accurate regression line. How- 
ever, we observed that the curve of the Scatchard plot 
exhibited concave acceleration and that log plots of the 
Scatchard analyses (Fig. 3E, insets) were significantly 
linear, indicating negative cooperativity of multiple 
Cu^"^ binding sites on Aj3 (Fig. 3E, insets). Therefore, 
using the linear relationship between log(bound [Cu^"*"]/ 
free [Cu^"^]) and bound [Cu^"^], we could still estimate 
the affinity of high-affinity Cu^"^ binding site on Aj31-40 
as 4.6 X 10"** M, log ^^pp = 10.3, if the stoichiometry 
of Cu^"^ binding to this site is assumed to be the same as 
that for the Aj31-42 high-affinity site (0.5; Fig. 3E and 
Table 2). 

AJ31-42 was observed to have a similar affinity for Cu^"*" 
(2 equivalents) at its lowest-affinity binding site compared 
with Api-40 at pH 7.4 (Kj^ = 5.0 X 10"^ M, log ^^pp 
= 8.3; Fig. 3A and E and Table 2). However, A)31-42 
possesses a much greater affinity for Cu^^"^ (0.5 equivalents) 
at its highest-affinity site (Kj^ = 7.0 X 10~*^ A/, log K^^^ 
= 17.2; Fig. 3A and E and Table 2) than A)31-40 at pH 7.4. 
The Scatchard analysis of Cu^"*" binding to A)31-42, as well 
as the log-linearization of the Scatchard plot (Fig. 3E, 
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FIG. 3. CMCA of Cu^"^ binding and precipitation of total Aj3. The 
ratio {Cu:Aj3) of bound Cu^-^ to (soluble and precipitable 
fonms) and the corresponding percentage of AjS precipitation are 
plotted against log Kgpp of the competing Cu^'^'xhelator com- 
plex. A^1-40 (O) or A01-42 (O) (10 fJW) was incubated at pH 7.4 
and 6.6 with an an'ay of Cu^^ chelator complexes (50 fxM Cu^^) 
for 24 h, and the precipitation and stoichiometry of metal ion 
binding to total A/3 were determined. Data are mean ± SD (bars) 
values (n = 4-6) A: Bound Cu2+:A0 ratio at pH 7.4. B: Cu^^- 
induced Ap precipitation at pH 7.4. C: Bound Cu^'^iA^ ratio at 
pH 6.6. D: Cu^'^-induced A^ precipitation at pH 6.6. Suggested 
cun/es have been fitted to the data for purposes of clarity. E: 
Scatchard analyses of the data in A and C. The asymptotes of 
the fitted curves are shown, whose slopes reflect -l/K^ for the 
highest- and lowest-affinity Cu^"^ binding sites. Insets: Same 
Scatchard analyses with logarithmic treatment of the y-axis 
[log(8/F)]/6 to demonstrate the acceleration of the Scatchard 
curves (regression coefficients and p values shown), implying 
multiple cooperative Cu^"*" binding sites on Aj3. S, bound; F, free. 



insets), provided sufficient data in the high-affinity range 
for an accurate estimation of the affinity of this site. 

UnHke Aj31-40, Ai3l-42 was >60% precipitated 
when incubated with each of the Cu^**": chelator com- 
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TABLE 2. Summary of binding affinities (log K^pjfor Cu^-^ binding to and A^}~42 



Ai31^2 



Stoichiometry of Cu:A|3 



log a:,. 



Stoichiometry of Cu:A)3 



pH 7.4 

Highest affinity 
Lowest affinity 



pH 6.6 

Highest affinity 
Lowest affinity 



10.3 
7.9 

Slope [log(5/F)]/5 
-0.20 

9.6 
7.0 

Slope [log(5/F)]/5 
-0.15 



0.5 
2 

0.93 

0.5 
2.5 

0.92 



17.2 
8.3 

Slope [\og{BIF)]IB 
-0.50 

16.3 
7.5 

Slope [\oz{BIF)]IB 
-0.42 



0.5 
2 

0.88 

0.5 
2.5 
R^ 
0.90 



t 

2.98 



t 

3.03 



df p 
44 0.002 



df 
44 



P 
0.002 



The data in Fig. 3 for Cu^"^ binding to AJ3 were analyzed and are summarized here. Log /T^pp values are derived from the slopes of the Scatchard 
plots in Fig. 3E, and the estimated stoichiometries of Cu^"^ binding to the highest- and lowest-affinity sites are derived from the estimated jc-axis 
intercepts in Fig. 3E. The slope of the analysis of ]\o%{BIF)]IB derived from the insets of Fig. 3E is shown, along with the regression coefficients of 
these slopes, reflecting cooperative binding of Cu^"^ to AJ3. The slope of [log(S/F)]/5 for Cu^"^ binding to A)31-42 is significantly greater than the 
slope of [log(B/F)]/5 for Cx^^ binding to A)31-40 [/ test value, degrees of freedom {df), and p values are shown]. This indicates that there is 
significantly greater cooperative binding of Cu^"*" to A^l-42 compared with A/31-40. 



plexes except in the presence of the chelator with the 
highest affinity for Cu^"^ [/r(2«5-l,2-diaminocyclohex- 
ane-Ar,A^^\A^'-tetraacetic acid (CDTA), log K^^^ 
= 17.0], when the solubility of the peptide abruptly and 
dramatically increased (Fig. 3B). The possibility of 
CDTA directly binding to Aj31-42 and acting as a chain 
breaker was excluded by nuclear magnetic resonance 
spectroscopy studies (X. Huang, K. Bamham, C. S. At- 
wood, R. E. Tanzi, and A. I. Bush, unpublished data). 

At pH 6.6, the stoichiometry of low-affinity Cu^"*" 
binding to both peptides increased (Fig. 3C). At pH 6.6, 
Aj31-40 and Aj31-42 bound 0.8 and 0.3 more Cu^**" ions 
(2.6 ± 0.1 and 2.5 ± 0.1, respectively) than at pH 7.4 in 
the presence of Cu^"*": chelator complexes in lower-affin- 
ity range (log K^^^ < 7.8), so that the stoichiometry of 
Cu^^ binding to A)31-40 approached that of A)31-42 
(Fig. 3C). At pH 6.6, the affinity of the lowest-affinity 
Cu^"^ binding site estimated by Scatchard analysis (Fig. 
3E) decreased for both A)31-40 and AJ31-42 (Ai31-40, 
= 9.3 X 10-» M, log /:,pp = 7.0; Apl-42, K^ = 33 
X 10"^ M, log iCapp = 7.5; Table 2), compared with the 
affinity at pH 7.4. There was no significant change in 
Cu^'^:Aj8 stoichiometry after incubation with Cu^"*":che- 
lator complexes in the high-affinity range (log ^app 
= 7.8-16-2) at pH 6.6 compared with the values at pH 
7.4. There was an accompanying decrease of ^ 1 log unit 
in the estimated log J^app values for the high-affinity 
Cu^-^ binding sites for both Ai31-40 (K^ = 2.6 X 10"*° 
A/, log ^app = 9.6; Table 2) and A^l-42 {Kj^, = 4.5 
X 10-*^ M, log K^pp - 16.3; Table 2) at pH 6.6 (Fig. 3C 
and E), compared with the corresponding values at pH 
7.4 (Fig. 3A and E). 

The slope of the plot of log(bound [Cu^'^]/firee 
[Cu^*^]) and bound [Cu^"*"] (Fig. 3E, insets) correlates 
with the cooperativity coefficient for the multiple Cu^*^ 
binding sites on Aj3. We found that at either pH 6.6 or 
7.4, this slope was significantly (^2. 5-fold, p = 0.002) 
greater for Cu^"*" binding to A j3 1-42 than for binding to 



Aj31-40 (Fig. 3E and Table 2). This means that the 
acceleration of the Scatchard plot was 2.5-fold greater 
for Cu^"^ binding to A)31-42, indicating that AJ31-42 
has markedly greater cooperative binding of Cu^"^ than 
Ai3l-40. 

The increase in low-affinity Cu^"*" binding to AJ31-40 
induced by incubation at the lower pH (6.6) correlated 
with a ^30% increase in AjSl-40 precipitation (Fig. 3D) 
compared with that induced at pH 7.4 (Fig. 3B). How- 
ever, although the incubation at pH 6.6 increased low- 
affinity Cu^"^ binding to A)31-42, precipitation of 
Aj31-42 at the lower pH (Fig. 3D) was not increased 
compared with precipitation at pH 7.4 (Fig. 3B). 

Although at pH 7.4 CDTA did not permit sufficient 
Cu^"^ to bind to AJ31-42 to induce peptide precipita- 
tion (Fig. 3B), at pH 6.6 incubation of Aj81-42 with 
CDTAiCu^"*" complexes was accompanied by ^50% 
precipitation of A)31-42 (Fig, 3D). Note, however, 
that CDTA and all of the chelator array have lower 
Cu^"^ binding affinities at the lower pH; the log A^^pp of 
CDTA for Cu2+ decreases from 17.0 at pH 7.4 to 16.2 
at pH 6.6 (Table 1). 

Taken together, these findings indicate that A)3l-40 
and A]31-42 precipitate if bound to 1 Cu^"^. Conversely, 
A)31-40, and even A)31-42 (at pH 7.4), will remain 
soluble if Cu^"*" binding is totally prevented. 

Although there was a strict correspondence between 
the stoichiometry of boimd Cu^"^ and the amount of 
A/31-40 precipitation (r^ = 0.89 at pH 7.4 and 0.85 at 
pH 6.6; Fig. 4), there was a weak correlation (and at pH 
6.6, no correlation) between the stoichiometry of bound 
Cu^"*" and the amount of A]31-42 precipitation (r^ 
= 0.17 at pH 7.4 and = 0.09 at pH 6.6; Fig. 4). The 
change in pH from 7.4 to 6.6 did not alter the slope of the 
linear relationship between Cu^'*":Aj31-40 stoichiometry 
and precipitation (Fig. 4), which indicates that the Cu^"^ 
binding to A)31-40 saturates at 2.5 Cu^"^ ions. 
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FIG. 4. Correlation of the stoichiometric 
ratio of Cu:A^1-40 (O) and Cu:Ai31-42 (O) 
with peptide precipitation. Precipitation is 
expressed as a percentage of total pep- 
tide. A: Cu:A/3 ratio at pH 7.4. B: Cu:A^ 
ratio at pH 6.6. Linear regression equa- 
tions are shown where x = percent pre- 
cipitation and y = metal :Aj3 ratio. 



Stoichiometry of Aj3 binding to soluble and 
precipitated A/3 fractions 

The stoichiometry values determined from the data in 
Fig. 3 represent binding of Cu^"^ to A)3 peptides that 
exist in a mixture of soluble and precipitated forms in an 
equilibrated incubation mixture. Therefore, these values 
represent averages that depend on the stoichiometries of 
Cu^"*" binding to the respective soluble and precipitated 
components of the mixture, as well as the proportions of 
each component. To study the stoichiometry of Cu^"** 
binding to these individual components, A)S peptides 
were incubated with the array of Cu^"^: chelator com- 
plexes and centrifiiged, and the stoichiometries of metal 
binding were determined for the peptide fractions in the 
supernatant (soluble A]8) and pellet (precipitated A^) 
under conditions where the peptide was maximally sol- 
uble or maximally precipitated (Table 3). 

When the total AjS/Cu^"*" mixture was predominantiy 
(>80%) soluble at pH 7.4, the soluble Aj31-40 and 
A)3l-42 components bound close to zero Cu^"*" ions 
(Table 3 and Fig. 3). When the total A/31~40/Cu2+ 
mixture was predominantly (>80%) soluble at pH 6.6, 
the soluble AjSl-40 component also bound close to zero 
Cu^-^ ions (Table 3 and Fig. 3). The total AjSl-42/Cu^'^ 
mixture was never predominantly soluble at pH 6.6 un- 
der the conditions tested, even in the presence of the 



highest-affinity Cu^"^ chelator (CDTA), so the stoichi- 
ometry of Cu^"^ bound to the soluble AJ31-42 compo- 
nent was determined as 0.30 under conditions where the 
mixture was least precipitated (53.1% at log ^^pp = 16.2; 
Table 3). 

Under conditions of maximal Cu^"*" -induced precipi- 
tation (Fig. 3), the stoichiometry of Cu^"*" binding within 
Aj3l-40-Cu and A/31-42-Cu precipitates at pH 7.4 was 
both ^2.5 (Table 3). The stoichiometry of Cu^"^ binding 
to maximally precipitated Cu^'^:A)31-40 complexes at 
pH 6.6 was unaltered (2.6 ± 0.3) compared with that at 
pH 7,4, whereas Cu^"^ -precipitated Aj3l-42 bound ~1 
extra Cu^"*" (3.3 ± 0.1) at pH 6.6 compared with pH 7.4 
(Table 3). 

Maximal Cu^"^ -induced precipitation of AJ31-40 was 
observed at pH 6.6 (91 ± 6%) compared with pH 7.4 (56 
± 6%; Table 3 and Fig. 3B and D). In contrast, maximal 
Cu^"^ -induced A)31-42 precipitation was similar at ei- 
ther pH (72 ± 10 and 65 ± 12% for pH 7.4 and 6.6, 
respectively; Table 3 and Fig. 3B and D). Maximally 
precipitated Aj31-40 bound -2.5 Cu^"^ at both pH 7.4 
and 6.6, even though precipitation was 35% greater at pH 
6.6. Also, although maximal Cu^ '^-induced Aj31-42 pre- 
cipitation was 17% greater than that of AJ31-40 at pH 
7.4, it was 26% less than that of Ai31-40 at pH 6.6, even 



TABLE 3. Stoichiometry of Cu(II) binding to soluble (or minimal precipitated) and precipitated 
ApJ-40 and A^l~42 at pH 7 A and 6,6 





Bound Cu(II):Aj31^0 


Bound Cu(II):A^l-42 




Soluble/minimal precipitation 


Maximal precipitation 


Soluble/minimal precipitation 


Maximal precipitation 


pH 7.4 
pH 6.6 


0.14 ±0.10(10.6) 
[5.1 ±3.9%] {5} 
0.17 ±0.20(15.5) 
[2.1 ± 1.7%] {5} 


2.35 ^± 0.22(1.8-6.6) 
[55.7 ± 6.0%] {27} 
2.55 ±0.29 (1.0-5,8) 
[91.1 ± 5.9%] {24} 


0.25 ±0.18(17.0) 
[17.4 ± 8.2%] {6} 
0.30 ±0.10 (16.2) 
[53.1 ± 14.9%] {6} 


2.59 ±0.17 (1.8-6.6) 
[72.4 ± 10.3%] {28} 

3.25 ±0.07(1.0-5.8) 
[64.9 ± 12.4%] {28} 



Data for soluble/minimal precipitation are mean ± SD stoichiometry of metal:A/3 binding in the soluble fraction at the lowest log K^^^ of the 
competitor metal xhelator complex where AjS remains either "soluble" (< 10% precipitated for Ai31-40) or least precipitated (for Aj31-42) (log K^^^ 
— log Af^pp value of competing metal: chelator complex where minimal AjS precipitation occurs) [average ± SD minimal percent Aj3 precipitation] 
{n = no. of data points}. Data for maximal precipitation are average ± SD stoichiometry of metal:A)3 precipitate where peptide precipitation has 
plateaued at maximal for the series of competitor metal: chelator complexes (log ^^pp range = log K^^^ values of competing metahchelator complexes 
where maximal Aj3 precipitation occurs) [average ± SD maximal percent Aj3 precipitation] {n = no. of data points}. 
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TABLE 4. Competition between Cu^'*' and Zn^'*' for metal 
ion binding sites on ApJ-40 at pH 7.4 and 6.6 



pH 7.4 



pH 6.6 



0.4" 
0.19^ 

0.10" 



Zn2+ + A^, 48 h 

% precipitation 88.4 ± 0.9 85.0 : 

Ratio Zn:Aj3 2.88 ± 0.03 2.03 : 

Cu2+ + A)3, 48 h 

% precipitation 58.0 ± 3.9 85.4 : 

Ratio Cu:Ap 1.91 ± 0.15 2.76: 

Zn^"^ + Cu^"^ coincubated for 48 h 

% precipitation 79.0 ± 3.8 64.0 ± 7.2* 

Ratio Zn:A^ 1 .90 ± 0.1 8 0.33 ± 0.09" 

Ratio Cu:Ai3 1.68 ± 0.09 3.13 ± 0.05" 
Total metal :A)3 ratio 3.58 3.46 

Zn2+ for 24 h, then Cu^^ for 24 h 

% precipitation 65.8 ± 7.2 82.0 ±4.1" 

Ratio Zn: A/3 1.74 ± 0.29 0.67 ± 0.22" 

Ratio Cu:A|3 1.48 ± 0.09 2.75 ± 0.04" 
Total metalrAjS ratio 3.22 3.22 



The following incubations were done: (a) A/31-40 was incubated 
with 50 yM Zn^^ for 48 h; (b) A/31-40 was incubated with 50 
Cu^^ for 48 h; (c) A^l-40 was incubated with 50 yJA Zn^^ and 50 
yMOa^^ for 48 h; or (d) A^l-40 was incubated with 50 fxMZn^^ for 
24 h, 50 yM Cu^"^ was added, and the mixture was incubated for a 
further 24 h. Stoichiometry represents metal ion binding to total (pre- 
cipitated and soluble) A^l-40. All experiments were done in Tris- 
buffered saline. Data are mean ± SD values (n = 6). 

The statistical significance of comparisons between pH 7.4 and 6.6 
for percent precipitation and ratio of metal: AjS for each experiment was 



determined by t test (two- tailed, heteroscedastic): 
< 0.005. 



"p < 0.001, V 



at 



though the aggregated AJ31-42 bound 0.7 more Cu^"*" 
pH 6.6 than at pH 7.4. 

Cu^"*" initiates the nucleated precipitation of 
Ai51-40 and Aj31-42 

Because, unHke A/31-40, the precipitation of A)31-42 
did not correlate with the stoichiometry of bound Cu^**", 
we studied the possibility that the precipitation of 
A/31-42 was by a seeding mechanism (Jarrett et al., 
1993) where Cu^"^ initiates peptide nucleation but that 
the precipitation of the majority of the solution was not 
metal-dependent. First, we measured the amount of pre- 
cipitation of A)3 in the absence of added metal ions or 
chelators, incubated for 24 h under the same conditions 
as Fig. 3 and Table 3. The precipitation of A)31-40 and 
AJ31-42 formed by an apparent seeding mechanism in 
the absence of metal ions or chelators was greater at pH 
6.6 (23 ± 7 and 95 ± 4%, respectively) than at pH 7.4 
(10 ± 2 and 87 ± 1%), in agreement with our previous 
report (Atwood et al., 1998). It is surprising that the 
precipitation of A)31-40 or Aj31-42 at pH 6.6 in the 
absence of added metal ions was greater than the corre- 
sponding amount of A)31-40 or A)31-42 precipitation 
that occurred in the presence of 50 jjM Cu^^ that had 
been complexed with any of the high-affinity chelators 
(log K^pp > 10.6; Fig. 3B and D). To illustrate this, in 
Fig. 5 A we compare the precipitation of A)31-40 and 
Aj31-42 in the presence and absence of the DPTAiCu^"*" 
complex. We studied DTP A because NMR spectroscopy 



of DTPA coincubated with AjS 1-40 and AjS 1-42 indi- 
cated that the chelator does not bind to the peptide (X. 
Huang, K. Bamham, C. S. Atwood, R. E. Tanzi, and A. 1. 
Bush, unpublished data); hence, any effect of DTPA in 
preventing AjS precipitation is not due to j3-sheet chain 
breaking. We observed that there is more precipitation of 
either A)31-40 or Aj31-42 in the absence of added metal 
ions than in the presence of DPTAiCu^"*" complexes, at 
either pH (Fig. 5 A), This indicates that the increased 
precipitation of AjS at pH 6.6 in the absence of added 
metal ions could not be explained by pH effects alone 
and suggests that trace metal ion contamination of the 
buffers mediates the apparent seeding of AjS solutions. 
Supporting this possibility, we measured the contaminat- 
ing concentration of Cu^"^ in buffer solutions containing 
A/3 as ~0. 1 fiM^ using inductive coupled plasma mass 
spectrometry. 
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FIG, 5. Inhibition of nucleated precipitation by DTPA. A: 
A^1-40 or A^1-42 (10 fiM) was incubated at pH 7.4 and 6.6 
with or without Cu^"*^:DTPA connplex (chelator complex data 
selected from Fig. 3B and D) for 24 h, and precipitation was 
determined as in Fig. 3. Data are mean ± SD (bars) values (n 
= 6). B: Ai31-40 or A)31-42 (10 /iTW each) was incubated in 
phosphate-buffered saline (pH 7.4) with or without DTPA (200 
^iM) for 5 days at 37*'C. Precipitation was assessed by measur- 
ing the turbidity of the solution at 405 nm. Data are mean ± SD 
(bars) values (n = 4). 
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FIG. 6. Resolubilization of Cu-A^1-42 aggregates. A^1-42 (5 
fJW) was precipitated by incubation in Tris-buffered saline with 
Cu^-^ (20 fiM) for 1 h (37°C). Chelators (200 /ll/W; EDTA and 
DTPA) were then added to the reaction mixture for 1 h, the 
samples were centrifuged, and the supernatant was assayed for 
protein to determine the solubility of A)31-42. Data are mean 
± SD (bars) values (n = 4). 



To test if contaminating metal ions are necessary for 
the Aj3 precipitation we had 'observed, we incubated 
solutions (10 fjiM) in the presence or absence of DTPA 
(200 ^iM) for 5 days. DTPA completely inhibited 
A^l-40 precipitation and markedly inhibited A)31-42 
precipitation (Fig. 5B). Therefore, the increase in nucle- 
ation-driven peptide precipitation that was observed by 
lowering the pH of A)3 solutions from 7.4 to 6.6 in the 
absence of added metal (Fig. 5A) appears to be initiated 
by the precipitation of Aj3 induced by the trace Cu^"^ 
present, whose effects on Aj3 are potentiated by the 
mildly acidic (pH 6.6) conditions (Atwood et al., 1998). 

Reversibility of Cu^"*"-A/5 aggregates by chelators 

To determine whether chelators could resolubilize 
AJ31-42 precipitated by Cu^"^, we preincubated A)31-42 
(5 iiM) with Cu^^ (20 ^jlM) for 1 h before adding either 
no chelator or an excess of chelators of Cu^*^ (EDTA or 
DTPA, 200 jllM; Fig. 6). In the absence of chelator, Cu^"^ 
induced almost complete precipitation of Aj31-42, How- 
ever, both EDTA and DTPA effectively resolubilized 
(>88%) Cu-A)31-42 aggregates at pH 7.4. Under 
mildly acidic conditions (pH 6.6), the resolubilization of 
Cu-A)3 aggregates by EDTA and DTPA was 75 and 
100% effective, respectively. Taken together, these data 
show that, like Api-40 (Atwood et al., 1998), Aj31-42 
precipitation by Cu^"^ is totally reversible through che- 
lation. 

pH-dependent competition between Cu^"*" and Zn^"*" 
for Xp binding 

To examine the ability of Cn^^ and Zn^"^ to compete 
for metal ion binding sites on A)3, we incubated Aj31-40 
with a mixture of Zn^"^ and Cu^"^ (50 fxM each) for 48 h 
at both pH 7.4 and 6.6. At pH 7.4, Zn^^ (1.9 ± 0.2) and 
Cu^-^ (1,7 ± 0.1) simultaneously bound A^l-40 with 
approximately equal stoichiometry (Table 4). When this 
coincubation reaction was performed at pH 6.6, far more 
Cu2+ bound Aj31-40 (3.1 ±0,1) than Zn^"^ (0.3 ± 0.1). 
Incubation of either Zn^"^ or Cu^"^ alone at pH 7.4 and 
6.6 with A)31-40 for 48 h resulted in similar precipita- 
tion and stoichiometry as previously determined for a 
24-h incubation (Fig. 3 and Table 4). 



To determine whether Cu^"^ could displace Zn^**" from 
binding sites in Zn-A)3 aggregates, we first preaggre- 
gated A)31-40 with Zn^"^ (24-h incubation at pH 7.4 and 
6.6 resulted in 88 ± 1 and 85 ± 0% precipitation, 
respectively) and then added an equimolar concentration 
of Cu^"^ (50 fxM) to the reaction mixture for a further 
24 h (Table 4). Determination of metal ion binding 
indicated 1.7 ± 0.3 Zn^"^ ions and 1.5 ± 0.1 Cu^"^ ions 
bound simultaneously to A)31-40 at pH 7.4. However, at 
pH 6.6 Cu^"^ competed -80% of the Zn^-^ from binding 
sites on A)3 at pH 6.6 (0.5 Zn^^ and 2.8 Cu^^). There- 
fore, Cu^"^ displaced Zn^"*" from Aj31-40 only when the 
pH fell below neutrality. The decreased Zn^*^ binding at 
pH 6.6 (Table 4) and the formation of new pH-dependent 
binding sites for Cu^*^ may contribute to this effect. 

Copper induces the formation of SDS-resistant 
polymers of Aj3 

Recently, we have reported that Aj3 reduces Cu^"^ to 
Cu"^ with the consequent generation of H2O2 (Huang 
et al., 1999). These reactions may contribute to the 
oxidative damage of Aj3 that is reflected in SDS resis- 
tance of Alzheimer's amyloid (Masters et al., 1985; 
Roher et al., 1996). To determine whether Cu^"*" could 
induce modifications of Aj3 as reflected by changes in 
migration on SDS-PAGE, we incubated A)31-40 or 
Ai31-42 with Cu^-'iGly (30 ^ for 1 day (Fig, 7). 
Cu^"^ induced the formation of higher-molecular- weight 
species of both A)31-40 and A)3l-42 on SDS-PAGE 
(Fig. 7). A)3l-40 exhibited a 5.2 and ^1% increase in 
apparent dimeric and trimeric species of relative molec- 
ular mass of ^8.6 and 1 3 kDa, respectively, after a 1-day 
incubation. AJ31-42 was more sensitive to Cu^''' -induced 
modification, with 31.1 and 12.5% of the peptide iden- 
tified as apparent 13- and >17-kDa species after a 1-day 
incubation. In contrast to A)31-40, <1% of A)81-42 
incubated with Cu^"^ was detectable as the 8.6-kDa spe- 
cies. Therefore, although Cu^ "''-induced precipitation of 
A)3 is reversible using chelation after a 1-h incubation 
(Fig. 6), prolonged coincubation with Cu^"*" (24 h) gen- 
erates some SDS-resistant forms. 



A01-4O AB1-42 



1 I 1 
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FIG. 7. Copper-induced apparent ollgomerizatlon of human AjS. 

(2.5 ^) was brought to 150 rr\M NaCI and 66 mM phosphate 
(pH 7.4) with or without Cu^^ (30 fxM). Samples were incubated 
at 37°C for 1 day, and aliquots were analyzed by western blotting 
(6E10 antibody). Molecular size markers are shown. Similar re- 
sults were obtained using monoclonal antibody 4G8. 
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DISCUSSION 

CMCA 

The CMCA technique was developed for the practical 
assessment of stoichiometry and affinities of metal ion 
binding to soluble and precipitated proteins. Validation 
of our methodology was obtained by a comparison of 
Cu^"^ and Zn^*^ binding affinities with the known affin- 
ities for DSA (Fig. 2). This technique circumvents sev- 
eral problems associated with preexisting methodologies 
for the assessment of metal ion binding to proteins. 
Competition studies often require the use of expensive 
and hazardous radioactive metal ions or ligands, and 
spectrophotometric or fluorescence techniques lack sen- 
sitivity in the submicromolar metal ion concentration 
range and rely on conformational changes in the target 
protein. 

Despite these advantages, the CMCA method relies on 
the availability of an array of chelators that reflect log 
^app values within the range of interest. To this end, we 
attempted to provide chelators at log K intervals of no 
more than 0.5 units, but the number of usable chelators 
with log ^app ^ 1^ was small. The array of data points 
required by this technique should be improved as we 
identify further appropriate chelators for use in the assay. 

Binding interactions with Cu^'*' differentiate 
Aj51-40 and Api-42 

Our current results, summarized in Table 2, indicated 
multiple affinity Cu^"*" binding sites on A/31-40 and 
AJ31-42 that were considerably greater than the single 
affinities (4.0 and 0.3 julM, respectively) initially obtained 
for the peptides using spectrophotometric analysis (At- 
wood et al., 1998). This apparent discrepancy is probably 
because, in the previous study, the precipitation of the 
peptide by Cu^*^ withdrew a fraction of the peptide from 
spectral analysis and may have artifactually lowered the 
sensitivity of the technique to detect physicochemical 
changes. Also, the spectrometric analysis we used pre- 
viously would have been only capable of appreciating 
spectral shifts associated with saturation of tiie lower- 
affinity Cu^"*" binding site on Aj3. This is because in our 
previous analysis we measured the spectroscopic re- 
sponse of synthetic peptide to increments of >0. 1 yuM in 
Cu^"^ concentration. Because the background contami- 
nation of the incubation buffer with Cu^"^ is —0.1 
and because we have now identified Cu^"^ binding sites 
on A)3 with subnanomolar affinities, the previous tech- 
nique could not have reliably titrated the Cu^*^ concen- 
tration in low nanomolar increments to appreciate a 
consequent spectroscopic effect. An advantage of the 
current CMCA technique was that we could titrate the 
physicochemical effects of the exchange of Cu^"*" to A]3 
against the known binding affinities of chelators in com- 
petition for Cu^"*", without the need to titrate metal ion 
concentrations that are below background contamination 
levels. 

The estimated log ^^pp ^^r the Cu^"^ binding site on 
Apl-42 (log K = 17.2; Table 2) translates into a 
predicted affinity for Cu^"** in the attomolar range and for 



A)31-40 in the picomolar range (estimated log A^^pp 
== 10.3; Table 2), indicating that Cu^"^ could be bound to 
Aj3 (A/31-42 > A/31-40) imder biological conditions. 
Also, the concave acceleration of the Scatchard analyses 
of Cu^-^ binding to A/31-40 and Api-42 (Fig. 3E) 
suggests negative cooperativity of the binding sites. 
A/31-42 was found to have significantly less hindrance 
in binding successive Cu^"^ ions compared with A/31- 
40. Aj31-42 also exhibits higher affinity Cu^"^ binding 
than A/31-40 at both the lowest- and highest-affinity 
binding sites observed, which indicates that the structural 
basis for Cu^"^ binding and the allosteric basis for coop- 
erativity may be mediated by the hydrophobic carboxyl- 
terminal tail of A/3, A/31-42 reportedly has a higher 
/3-sheet content than Aj81-40 (Barrow et al., 1992), and 
/3-sheet or /3-barrel conformations are known to mediate 
other high-affinity Cu binding sites (Frausto da Silva and 
Williams, 1993). The increased /3-sheet content of 
Aj31-42 makes the peptide more liable to self-associate 
and to precipitate (Jarrett et al., 1993). This self-associ- 
ation could have an allosteric impact on Cu^"*" binding, 
especially if Cu^"^ binding to A/3 involves multmeric 
interactions between protein subunits. It is also possible 
that nucleated precipitation of A/31-42 (see below) may 
have perturbed the equilibrium of bound to fi'ee soluble 
Cu^"^ as the Cu^"*" is removed firom the soluble phase, 
thus contributing to the log AT^pp value we have observed. 
However, the possibility of irreversible withdrawal of 
Cu^"*" associated with the precipitating peptide was not 
supported by our observation that high-affinity Cu chela- 
tors resolubilized Cu^"^ -associated A/31-42 deposits 
(Fig. 6). It is also unlikely that our results only reflect 
Cu^"*" binding to preassociated A/3 because the precipi- 
tation of soluble A/3 in the presence of Cu^"^ occurs 
within seconds (Atwood et al., 1998) but over days in the 
absence of added metal ions (Jarrett et al., 1993). Nev- 
ertheless, preliminary data indicate Cu^"*" binds to fibril- 
lized A/3 with approximately the same stoichiometry as 
to fresh soluble A/3 (C. S. Atwood et al., unpublished 
data). 

The structures of the multiple Cu^"^ binding sites on 
soluble and precipitated A]3 are not yet clear and could 
be complex because new sites may form during the 
assembly of the peptide. Some evidence suggests that A/3 
forms a dimer in solution (Garzon-Rodriguez et al., 
1997; Huang et al., 1997). Therefore, the noninteger 
stoichiometry of 0.5 equivalents that was clearly ob- 
served for the highest-affinity binding site on A/31-42 
and 2.5 equivalents for the lowest-affinity Cu^"^ binding 
site on both A/31-40 and A/31-42 at pH 6.6 (Fig. 3E and 
Table 2) may reflect interaction with A/3 dimers. It is also 
possible that some binding sites are created by residues 
on neighboring A/3 subunits that are only brought into 
Cu^"^-coordinating alignment as the peptide aggregates. 

We have also shown for the first time that Cu^^ slowly 
modifies A/3, inducing SDS resistance (Fig. 7). Previous 
studies have shown that Fe/H202 oxidation systems pro- 
mote SDS-resistant polymerization of A/3 generated in a 
wheat germ expression system (Dyrks et al., 1992), but 
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we found that Cu^"^ promotes the polymerization of both 
synthetic A)31-40 and Aj31-42 in the absence of added 
H2O2 (Fig, 7). Our recendy reported findings that the Aj3 
peptide directly produces H2O2 through Cu^"^ reduction 
(Huang et al., I999a,b) may contribute to the slow oxi- 
dation of the peptide. 

The linear relationship between Cu^"^ binding stoichi- 
ometry to A)31-40 and peptide precipitation (from zero 
in the soluble state to 2-3 in the precipitated state) was 
maintained at both pH 6.6 and 7.4 (Figs. 3 and 4), 
indicating that the increase in Cu^"*" binding stoichiom- 
etry to A)31-40 at pH 6.6 that we observed (Figs. 3 and 

4 and Table 3) probably reflects saturation of Cu^"^ 
binding sites (at *^2.5 equivalents) coordinated by A/3 
rather than the creation of new binding sites. There was 
a similar increase in Cu^*^ binding stoichiometry to 
A)31-42 at pH 6.6, but this did not correlate with in- 
creased precipitation, probably because the seeding 
mechanism of precipitation (Jarrett et al., 1993; dis- 
cussed below) influenced AJ31-42 far more than Aj31- 
40. A/31-42 was observed to be soluble only when it 
bound no Cu^*^ (Fig. 3A and B and Table 3). 

Cu^'*"-niediated peptide assemblies nucleate A/31-42 
precipitation 

Precipitation of Aj3 also occurred in the absence of 
added metal ions, but we attribute this to interaction of 
the peptide with trace metal ion contamination in the 
buffers that is difficult to remove without chelation (Figs. 

5 and 6). Our evidence suggests that trace amounts of 
metal ions are sufficient to induce A]8 nucleation, which 
causes the remainder of the AjS solution to precipitate by 
a seeding mechanism (Jarrett et al., 1993). We have 
found that concentrations of Cu and other metal ions are 
commonly -^0. 1 fjM each in our laboratory buffer sys- 
tems, even those treated with chelating resins such as 
Chelex-100. It is very difficult to prevent trace contam- 
ination with metal ions because the metals dissolve fi'om 
solutions contacting air (Huang et al, 1994). Mildly 
acidic conditions (pH 6.6) increased the precipitation of 
A)3 in the absence of added metal ions (Fig. 5), which is 
typical of the enhancement of A/3 precipitation induced 
by Cu^"^- and Fe^"** but not Zn^^ (Atwood et ah, 1998), 
and also was abolished by DTP A, a high-affinity Cu^*^- 
selective chelator that does not bind to the peptide. The 
possibility that Fe^"^ may be another trace metal ion 
contaminating the buffer system and contributing to 
acidity-enhanced Aj3 precipitation cannot yet be ex- 
cluded, but Fe^"*" induces far less precipitation of A/3 than 
Cu^"^ under similar conditions (Atwood et al., 1998). We 
had previously shown that the precipitation of A/31-40 
by Zn^"^ (Huang et al., 1997) or Cu^"^ (Atwood et al., 
1998) could be reversed in the presence of a chelator. 
Our results now indicate that metal ion-induced precip- 
itation of Aj31-42 also is reversible in the presence of 
high-affinity metal ion chelators (Fig. 6). Most important 
is that we now report for the first time that the sponta- 
neous A/31-42 aggregation that occurs with "aging" the 
peptide over days in aqueous solution (Jarrett et al., 



1993) also can be prevented by the presence of the 
high-affinity copper-selective chelators. These data indi- 
cate that trace metal ion contamination is likely to be a 
major factor in the incubation-dependent A/3 aggregation 
process. 

Nucleation-mediated precipitation appears to have 
contributed far more to the Cu^"*" -mediated precipitation 
of A/31-42 we observed than to the Cu^"^ -mediated 
precipitation of AJ31-40 (Figs. 3 and 5). Although there 
was a strict correspondence between the stoichiometry of 
bound Cu^"** and the amount of A/31-40 precipitation (R^ 
= 0.89 at pH 7.4 and 0.85 at pH 6.6; Fig. 4), there was 
a weak correlation (and at pH 6.6, no correlation) be- 
tween the stoichiometry of bound Cu^"*" and the amount 
of A/31-42 precipitation (R^ = 0.17 at pH 7.4 and 0.09 
at pH 6.6; Fig. 4). This may be because Aj31-42 is much 
more sensitive to nucleation-mediated precipitation than 
A/31-40 (Jarrett et al., 1993). Therefore, even a trace 
amount of nucleated A/3 formed by interaction with 
Cu^"*" initiates near-complete precipitation of the 
A/31-42 solution (Figs. 3 and 5B). Our data also indicate 
how difficult it is to prevent Cu^"^ -induced nucleation in 
a solution of A/31-42, requiring the use of chelators with 
very high affinity for Cu^*^ (Fig. 3B). 

Mildly acidic conditions promote the binding of 
Cu^'^ but not Zn^^ to 

The mechanism for enhanced Cu^"^ binding to 
A/31-40 and Ai31-42 at pH 6.6 compared with pH 7.4 is 
still unclear. It may involve [H"^] -induced conforma- 
tional changes in the peptide because previous evidence 
indicates that soluble Aj3 is mainly a-helical at pH >7 
but mainly /3-sheet between pH 4 and 7 (Soto et al., 

1994) . The increased /3-sheet content expected at pH 6.6 
may promote access of Cu^"^ to the metal binding sites 
on A/3, exposing a low-affinity Cu^"^ binding site that is 
not accessible at pH 7.4. 

We have previously shown that Cu^*** -induced precip- 
itation of A^ under mildly acidic conditions (pH 6.6) is 
mediated, at least partly, by the coordination of Cu^"*" via 
His residues (Atwood et al., 1998). Whereas acidic con- 
ditions will lead to the protonation of amino acids with 
side chains containing an ionizable group, e.g.. His or 
Lys, the pK^ of the His side chain in A/31-40 is ^6.5 
(Coles et al, 1998), indicating that a significant propor- 
tion of imidazole residues is still unprotonated under our 
pH conditions (pH 7.4 and 6.6). The effect of lowering 
pH from 7.4 to 6.6 in promoting selective Cu^"^ binding 
in the presence of Zn^"*" (Table 4) may relate to the lower 
proportion of unprotonated His side chains available for 
metal coordination, decreasing from ^90% (pH 7.4) to 
50% (pH 6.6) over this pH range. This would, however, 
require Zn^"*" to be more sensitive than Cu^"^ to the 
availabihty of multiple His residues. Alternatively, if 
there was a carboxylate Zn^''"-ligand buried in a sheet 
and with an unusually high p^^ of near 6-7 (instead of 
the normal 5) that was undergoing protonation in this pH 
range, this could also account for reduced Zn^"*" binding 
at pH 6.6. Another possibility is that an amide nitrogen 



J. Neurochem., Vol. 75, No. 3, 2000 



AFFINITY AND STOICHIOMETRY OF Ap FOR COPPER 



1231 



deprotonates and selectively coordinates to Cu^"^. Our 
recent electron paramagnetic resonance evidence has in- 
dicated a coordination sphere for Cu^"^ to A)3 of CuNjOj 
(Huang et al, 1999Z?), and detailed simulations reveal 
that only two of these nitrogens are His residues, whereas 
the third is a deprotonated amide-N. When Cu^"^ coor- 
dinates to an amide nitrogen, it is able to increase dra- 
matically the acidity of the amide NH to <7 and as low 
as 4, whereas the p^^ of amides bound to Zn^"^ is still 
-12 (Sigel and Martin, 1982). This selective stabiliza- 
tion of a deprotonated (anionic) amide is the result of 
more effective ligand-to-metal charge transfer from the 
deprotonated amide nitrogen to the Cv?^ versus a d^^ 
Zx?^ transition metal ion. This is a common phenome- 
non among other electrophilic transition metal ions with 
vacant d orbitals (Woon and Fairlie, 1992). Therefore, 
we propose that although His residues may contribute to 
the coordination of both Cu^"*" and Zn^"^ sites, one amide 
group may coordinate an additional low-affinity Cu^"*" as 
the pH is lowered from 7.4 to 6.6, whereas high-affinity 
Cu^"*" coordination and Zn^"*" coordination may be simul- 
taneously weakened. A similar increase in Cu^"^ binding 
in response to acidic pH (pH 3-6) has recently been 
reported for the multicopper oxidase apoFetSp (Davis- 
Kaplan et al., 1998). 

Possible physiological and pathological roles for the 
selective Cu^"*" and Zn^"*" binding sites on A/5 

Our data indicate that Aj3 binds approximately 
equivalent amounts of Cu^"*" and Zn^"^ at pH 7.4 but 
that Cu^"^ totally displaces Zn^"*" binding to A^ at pH 
6.6. We have previously published the finding that at 
pH 7.4 the Zn^"** binding site is very highly selective 
for Zn^"** and that at pH 7.4 Zn^"^ cannot be displaced 
from binding Aj3 by overwhelming concentrations of 
Cu^"^ or any other transition metal ion (Bush et al., 
1994(3). Taken together with our current results, we 
hypothesize that A^ possesses highly selective Cu^"*" 
and Zn^"^ binding sites at pH 7.4 but that at pH 6.6 
there is a weakened affinity for Zn^"^ but a preserved 
affinity for Cu^"^ that allows the peptide to become 
occupied by Cu^"^ at both sites. Thus, excessive Cu^*^ 
binding of A)3 may be a consequence of mild acidosis 
and may have a deleterious promoting effect on the 
aggregation and the redox activities (Huang et al., 
1999a,6; present study, Fig. 7) of the protein. 

Low-affinity metal binding sites on Aj3 mediate ag- 
gregation and precipitation and also may mediate Cu^"^ 
reduction, Oj-dependent H2O2 production (Huang et al., 
1999a), and oxidative modification of A)3 (Fig. 7). It is 
possible that one of the low-affinity Cu^"^ sites we have 
observed may be due to Cu^"*" occupying the Zn^"^ site on 
Aj3. Abnormal Cu^"^ binding to the Zn^"*" binding site on 
wild-type and mutant superoxide dismutase has been 
shown to alter the redox chemistry of this protein and to 
promote radical generation, which may play a pathogenic 
role in familial amyotrophic lateral sclerosis (Goto et al., 
1998). We contemplate similarities between this abnor- 



mal neurochemistry in familial amyotrophic lateral scle- 
rosis and abnormal Aj3-metal interactions in AD. 

Abnormal Cu/Zn interactions with A/3 in AD 

Zn and Cu ions mediate the precipitation of Aj3 de- 
posits in AD brain as evidenced by the solubilization of 
A/3 from postmortem AD brain tissue that is promoted 
by chelators selective for these metals (Cheray et al., 
1999) and also evidenced by the marked enrichment of 
total Cu and Zn in AD neuropil and amyloid plaques 
(Lovell et al, 1998), which could be explained by the 
high affinity of these metal ions for A^ (present study. 
Fig. 3 and Table 2; Bush et al., 1994a; Atwood et al., 
1998). It is not yet clear whether abnormal Cu (or Zn) 
homeostasis initiates A/3 deposition, or whether the ac- 
cumulation of Aj3 acts as a sink that draws metal ions 
into its mass. Significant increases in the concentration of 
Cu in the CSF [2.2-fold (Basun et al., 1991)] accompa- 
nied by an increase in level of CSF and brain ceruloplas- 
min, a Cu transport protein, in AD patients (Loeffler 
et al, 1994) further indicate that Cu homeostasis is 
compromised in AD. 

Both Cu and Zn are released firom vesicles of neurons 
during synaptic transmission reaching concentrations as 
high as 15 \xM (Hartter and Bamea, 1988) and 300 yM 
(Frederickson, 1989), respectively. The proportion of 
binding of Cu and Zn to A)3 will depend on tiie respec- 
tive stability constants of each metal ion for different 
ligands, their total concentrations, and the pH of the 
microenvironment. The release of Cu and Fe from met- 
alloproteins is usually promoted by mildly acidic envi- 
ronments (reviewed by Atwood et al., 1998). However, 
under mildly acidic conditions Cu^"^ binding to A/3 was 
enhanced, almost completely displacing Zn^"*" from A/3 
(Table 3). This unusual property of A)3 to accept Cu^"^ 
under mildly acidic conditions, where most proteins lose 
metal ions with decreasing pH, may be important in the 
pathophysiology of AD, where metabolic compromise 
may result in acidosis (Yates et al., 1990). 
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